The major outer membrane protein (Omp34) ofAcidovorax delafieldii (formerly Pseudomonas delafieldit) was purified to homogeneity and was characterized biochemically and functionally. The polypeptide has an apparent molecular weight (Mr) of 34,000, and it forms stable oligomers at pH 9.0 in the presence of 10% octylpolyoxyethylene or 2% lithium dodecyl sulfate below 70°C. The intact protein has a characteristic secondary structure composition, as revealed by Fourier transforming infrared spectroscopy (about 60% i sheet). These features and the amino acid composition are typical for porins. The purified Omp34 is associated with 1 to 2 mol of lipopolysaccharide per mol of the monomer. Pore-forming activity was demonstrated with lipid bilayer experiments. Single-channel and selectivity measurements showed that the protein forms highly anion-selective channels. The unusual dependence of the single-channel conductance on salt concentration suggests that the porin complexes bear positive surface charges, accumulating negatively charged counterions at the pore mouth.
One of the major functions of the bacterial outer membrane is to control the flux of molecules between the environment and the periplasmic space. This is achieved by pore-forming proteins (porins), which provide channels about 1 to 2 nm in diameter (for recent reviews, see references 6 and 24) . Two types of porins may be distinguished. The general diffusion pores control the passage of molecules by their pore size and exhibit some selectivity for cations or anions. OmpF and PhoE of Escherichia coli are examples of this type. The specific porins that possess binding sites for certain molecules, e.g., sugars, enable the cell to select specific solutes from dilute media at the cell surface-environment border. A well-characterized specific porin is the LamB protein (maltoporin) of E. coli (12, 18, 30) .
The porins of E. coli and other members of the family Enterobacteriaceae have been intensively studied by functional and structural analyses, whereas only a few investigations of porins from bacteria more closely related to Acidovorax delafieldii have been published.
A. delafieldii (formerly Pseudomonas delafieldii [38] ) is a member of the a subdivision of the class Proteobacteria and belongs to the "acidovorans complex," which comprises bacteria closely related to Comamonas acidovorans (38) . A. delafieldii and C. acidovorans appear to possess relatively simple outer membranes, containing only a limited number of protein species. Most of them have already been assigned to certain structures or functions (15, 21) . Electron microscopic investigations showed that one of the major outer membrane proteins of each species forms a crystalline layer that covers the whole cell (29) and is reminiscent of surface layers to some degree (5, 21) . This surface protein is in intimate contact with the outer membrane (16) and can be expected to affect both its structural and functional properties. The outer membranes of A. delafieldii and C. acidovorans are suitable model systems for studying such protein-membrane interactions and their functional consequences.
In this report we describe the purification, biochemical [pH 7] ) in batch cultures, harvested, and broken in a cell mill. Incubation with DNase (10 ng/ml, 1 h, 30°C) was followed by treatment with lysozyme (100 ,ug/ml, 8 h). The cytoplasmic membrane was solubilized by incubation with 2% Triton X-100 at 25C for 30 min. All steps were carried out in a buffer containing 50 mM sodium phosphate (pH 7.5), 1 mM MgCl2, and 3 mM sodium azide. The outer membrane (5 mg of protein per ml) was solubilized at 30°C for 2 h in a solution containing 5 mM EDTA, 150 mM KCl, 10% octylpolyoxyethylene (protein-detergent, 1:20 [wt/ wt]), and 100 mM phosphate (pH 10 to 11). Insoluble material was removed by centrifugation at 100,000 x g for 30 min; the supernatant was diluted 1:10 with bidistilled water to reduce the salt and detergent concentrations and immediately applied to a Mono Q HR 5/5 ion-exchange chromatography column (Pharmacia Fine Chemicals, Uppsala, Sweden). The chromatography buffer solution consisted of 10 mM triethanolamine (pH 7.5), 3 mM sodium azide, and 1% octylpolyoxyethylene. Bound protein was eluted with an NaCl gradient (0 to 700 mM). The pooled fractions were Attenuated total reflection infrared spectroscopy. Spectroscopic analysis of the purified porin was performed by using the attenuated total reflection technique. The spectra were recorded with a Nicolet 740 FT-IR spectrometer. The protein (50 to 100 ,ug, dialyzed against bidistilled water) was dried under a nitrogen stream on a germanium crystal. Two hundred scans were accumulated at a resolution of better than 2 cm-1. The amide I and II bands were subjected to band shape analysis to assess the secondary structure composition as described in detail by Kleffel et al. (28) .
Conductance measurements. The porin function was investigated by the black lipid membrane technique (6, 9) . For single-channel conductance measurements, the purified protein was reconstituted into membranes made of diphytanoyl phosphatidylcholine in n-decane, painted over a circular hole of 0.1 mm2. The membrane separated two compartments of a Teflon chamber filled with KCl or another salt solution. All experiments were carried out at room' temperature and at a membrane potential of 20 mV. Porin was added to a final concentration of 10 to 100 ng/ml to one or both compartments, and the current was measured via two calomel electrodes. The signal was amplified (109 times) with a current-to-voltage converter and monitored with a storage oscilloscope and a strip chart recorder. For zero-current measurements, membranes of 2 mm2 were used, containing about 103 channels. Concentrated salt solution was added to one compartment in several steps to apply a salt gradient across the membrane. After equilibrium conditions were established, the zero-current potential was measured with a Keithley 610 C electrometer connected to the electrodes. The method was previously described in detail by Benz et al. (10) .
RESULTS
Purification and characterization of the major outer membrane protein. The outer membrane was solubilized by using high pHs and high detergent and salt concentrations as specified in Materials and Methods. Ion-exchange chromatography was sufficient to separate the major intrinsic membrane protein with an Mr of 34,000 (Omp34) from the accompanying polypeptides. Omp34 exhibited a very low binding affinity to the column under the conditions applied, and most of it was eluted in the void volume. Only a small portion was retained on the column and could be eluted together with the other proteins by using a linear NaCl gradient. In the presence of detergent the Omp34 forms stable oligomers that dissociate at around 70°C into the 34,000-Mr monomers (34K proteins) ( Fig. 1 ). This is a common property among the pore-forming outer membrane proteins (31) . Minor bands that occur only at low temperatures ( Fig. 1 , lanes 2 through 5) may represent the oligomers in other conformations or configurations that differ in their mobility characteristics, or, more likely, they may originate from complexes that are still associated with outer membrane components such as lipids or LPSs.
There is indeed LPS in the purified porin fraction. Carbohydrate-specific immunolabeling showed a strong reaction with the outer membrane fraction and a weak reaction with the' purified porin 'fraction. We could demonstrate three major bands in preparations of the solubilized outer membrane by means of an LPS-sensitive silver stain (37) after the protein had completely been digested by treatment with proteinase K (Fig. 2) . Only the band running at the position of Mr 29,000 was found in the preparation of purified Omp34 as well (Fig. 2, lane 4) (20) . Assuming that all fatty acids originate from LPS molecules, the amount of LPS was estimated to 1.5 ± 0.5 mol per mol of 34K polypeptide. Attenuated total reflection infrared spectroscopy revealed a portion of 60% ± 5% ,1 structure and an ct-helix content not higher than approximately 10%. The amino acid analysis gave a moderately P (A) hydrophobic amino acid spectrum with a hydrophobicity index of 0.2 according to the index system of Barrantes (3) . These data are typical for porins.
Single-channel conductance experiments. The addition of 1 to 10 ng of Omp34 to one side (or both sides) of the aqueous salt solution bathing a black lipid membrane (made from diphytanoyl phosphatidylcholine in n-decane) led to a stepwise increase of the membrane conductivity (Fig. 3) . Each step represents the incorporation of a single pore or a pore complex. The characteristic conductivity steps were not observed when the sample buffer without any protein but containing the detergent was added. For each salt concentration applied, about 100 events were recorded. The distribution of conductivity steps was very distinct with all of the conditions tested (Fig. 4) . Neither significant substates of conductivity nor closing events were observed under the described conditions. The mean values of the single-channel conductance measurements are summarized in Table 1 .
The ratios of the average single-channel conductivity (A) to the bulk conductivity of the salt (a) for lithium chloride (1.2 x 10-8 cm), potassium chloride (1.1 x 10-8 cm), and potassium acetate (0.62 x 10-8 cm) indicate that the channel is selective for the anion.
Zero-current membrane potentials. The selectivity properties were studied in more detail by measurements at zero current with concentration gradients of various salts. Table 2 shows the membrane potential measured at the more dilute side of the membrane with a 12-fold concentration gradient. The potentials were calculated by means of the GoldmanHodgkin-Katz equation as described earlier (7). All potentials were negative, confirming that the anions preferentially pass the channel. With potassium chloride, for which both ions possess apparently the same mobility in water, an 11-fold-higher permeability for the chloride ion was obtained.
Dependence of single-channel conductance on salt concentration. For normal diffusion pores such as OmpF from E. coli, the single-channel conductance is a linear function of the bulk aqueous conductance (13) . Accordingly, the ratio of the average single-channel conductivity (A) to the bulk conductivity (a) is constant over a wide range of salt concentration. Measurements with the A. delafleldii porin and KCl as the salt at different ion concentrations provided nonconstant ratios (Table 3 ) and a nonlinear curve (Fig. 5) . Low ion concentrations gave rise to relatively higher permeation rates than did high salt concentrations. Two mechanisms could account for this effect: first, a binding site for ions resulting in a saturation behavior as the salt concentration was increased (e.g., protein P of Pseudomonas aerugix cm 1000.
loo1. The applied potential was 20 mV, the temperature was 25°C, and the octylpolyoxyethylene concentration was <0.001%.
nosa [8] ) or, second, surface charges that cause ions to accumulate in the vicinity of the pore (13) . The specific association of ions at a binding site is unlikely, since the data in Fig. 5 are not consistent with a saturation curve. Therefore we were led to assume that charges were responsible for the accumulation of ions. Correction of the single-channel conductance for point charges at the pore mouth. The unusual relationship between single-channel conductance and salt concentration of A. delafieldii Omp34 suggests that either a surface potential of the membranes or point charges attached to the Omp34 protein influence its properties. Homogeneous potentials at the surface of the membranes are rather unlikely, since the membranes were formed from a neutral lipid. Thus we have to assume that positively charged groups located at both sides of the channel are responsible for the observed effects. These result in substantial ionic strength-dependent surface potentials at the pore mouth which attract anions and repel cations. Accordingly, they influence both single-channel conductance and zero-current membrane potential. The surface potential ('D) for a channel with a radius r and a total charge q is given by the following equation (32):
ID is the so-called Debye length:
where Fo 
The anion concentration (c7-) at the mouth of the pore can now be used for the calculation of the effective conductance concentration curve. Table 3 shows the potential at the pore mouth (1), assuming that 1.3 positively charged groups (q = 2.1 x 10-l' A s) are located there and that the radius of the channel mouth is approximately 0.5 nm. An almost linear relationship is obtained between the calculated anion concentration at the channel mouth and the single-channel conductance under the conditions assumed above (Table 3 ) (other combinations of values are possible; a larger radius requires more charges). This means that the channel properties are probably influenced by positive charges. It has to be noted that the presumed charges do not only change the single-channel conductance. They also influence the zerocurrent membrane potential, since the ion concentration on both sides of the channel is not identical to that of the bulk aqueous phase. This means that the bulk aqueous gradient across the membrane is not identical to the gradient across the channels.
DISCUSSION
The biochemical properties of the intrinsic major outer membrane protein Omp34 of A. delafieldii resemble those of outer membrane proteins, and porins in particular, from a variety of other members of the class Proteobacteria. The molecular mass, amino acid composition, moderate hydrophobicity, secondary structure, temperature-dependent behavior in PAGE, and binding of LPS are typical for porins. This also holds true for the oligomeric structure, since preliminary reconstitution experiments and electron micros- The porin Omp32 of C. acidovorans, which is a close relative of A. delafieldii and whose porin is also anion selective, was recently sequenced and was shown to be related to the protein I of Neisseria gonorrhoeae (23) . This porin is also anion selective (39) .
The purified Omp34 contained small amounts of bound LPS, whereas free LPS and a portion of protein-associated LPS were immobilized on the ion-exchange column. A corresponding observation was made by Gehring and Nikaido (22) (14) . This is explained by the assumption that ions move inside the channel the same way that they move in the aqueous solution. This view appears also to hold true for moderately ion-selective porins such as OmpF and PhoE of E. coli (7, 9) or the porin of Rhodobacter capsulatus (14) . The strength of the ion selectivity of general diffusion pores also depends on the mobility of the permeating ions in the aqueous phase. Since small ions move faster than large molecules, anionselective pores become less selective if, for example, potassium acetate replaces potassium chloride. The selectivity is not altered in specific porins like protein P of P. aeruginosa, which possesses a binding site inside the channel and appears to exclude cations from permeation (11) . Specific porins show a saturation behavior with increasing concentrations of the substrate.
The porin of A. delafieldii shows neither true saturation effects nor a constant A/cr ratio, but it shows a salt-specific selectivity. Much higher relative permeation rates were observed in diluted salt solutions than in concentrated solutions. This behavior is unusual for general diffusion porins and has not been described so far. However, similar phenomena were found with hemolysin (13), colicin B (35) , and gramicidin (1). In these cases the lipid membranes contained charged phospholipids, which created a surface potential attracting counterions in the vicinity of the channel-forming proteins. A model that takes the effect of surface charges into account describes the conductivity and salt concentration characteristics appropriately (13, 35) .
In the experiments performed with the A. delafieldii porin, exclusively neutral lipids were used. Hence, charges must have been introduced with the molecules incorporated into the lipid membranes. It (17, 27) . The selectivity, however, may be particularly strong, since the passage of ions through the charge filter is controlled quite effectively in narrow regions of the channel. The hot spot of PhoE, a lysine residue presumably located inside the channel, gives rise to its (moderate) anion selectivity (4) but does not contribute to a significant membrane potential, since the A/u ratio is approximately constant (7) .
The surface charges that are apparently responsible for the characteristic dependence of single-channel conductance on salt concentration also create or at least modify the anion selectivity of Omp34, which means that the selectivity properties should be salt concentration dependent in some way.
It remains to be investigated whether LPS, if incorporated into the black lipid membrane together with the porin molecules, has an influence on the surface charge effects. If so, it should modify the strength of the surface charge, but it cannot contribute to the anion selectivity since LPS is negatively charged.
Anion-selective pore-forming proteins appear to be less frequent than cation-selective pore-forming proteins (11) . Anion selectivity has been found for the PhoE proteins of various members of the family Enterobacteriaceae, NmpC of E. coli (25) , protein I of N. gonorrhoeae (39) , and specific porins like protein P of P. aeruginosa and the major outer membrane protein of Bordetella pertussis (2) . Of these, only protein I and the porin of B. pertussis are constitutive and represent, like Omp34, the major outer membrane protein.
Omp34 and the Omp32 of C. acidovorans (15) are porins of strong selectivity.
A. delafieldii and the closely related species C. acidovorans are characterized by (and named for) their ability to use a wealth of organic acids as carbon sources (34, 38) . Many strains were originally enriched from soil by using media containing organic acids (36) . It is thus tempting to speculate that the presence of the constitutive anion-selective porin is an evolutionary adaptation to this kind of carbon source. The effective accumulation of anions in the vicinity of the pores is of particular advantage for growth in diluted media and, thus, in natural environments.
Taking into account the possible role of surface charges, the porins represent valuable model systems for the investigation of the mechanism and molecular properties of selectivity and ion permeation. Further experiments can now be designed to obtain more insight into the functional properties.
